Introduction
Patients staying in the ICU frequently develop muscle weakness involving limbs and respiratory muscles. 1, 2 This condition is involved in delayed weaning and/or extubation failure mainly due to respiratory muscle dysfunction and/or inadequate cough. 3, 4 The Medical Research Coun-cil (MRC) scale, a bedside test requiring an experienced physiotherapist, is considered the accepted standard for evaluation of peripheral muscle strength. 5 This test was used in previous studies demonstrating the negative impact of muscle weakness on mechanical ventilation weaning. 3, 6 There is growing interest in dominant-handgrip SEE THE RELATED EDITORIAL ON PAGE 1213 strength for evaluation of muscle strength. It can be monitored quickly, noninvasively, and very easily with a handheld dynamometer. 7 Although monitoring only the dominant-hand maximum pressure delivered, handgrip strength was reported as significantly correlated to the MRC scale score and appears to be a reliable alternative. 8 For this purpose, a handgrip-based definition of acquired weakness has been proposed for critical care patients. 8 To our knowledge, this tool has never been tested in the setting of mechanical ventilation weaning. Therefore, the main goal of this study was to evaluate handgrip strength as a predictor of weaning duration. We also sought to test the value of handgrip strength in predicting extubation outcome.
Methods

Design and Settings
This prospective study was conducted over a 12-month period (May 1, 2011 to May 1, 2012) in 2 ICUs (10 and 15 beds, respectively) from the same institution (Assistance Publique-Hôpitaux de Paris, Hôpitaux Universitaires ParisSud, Université Paris 11, France). The protocol was approved by the ethics committee of the Société de Réani-mation de Langue Française (agreement 11-325). All subjects gave informed consent to participate.
Subjects
Adult patients (Ͼ 18 y of age) were eligible for enrollment if they required mechanical ventilation for at least 48 h and if they met the predefined ready-to-wean criteria on the daily screening (see study protocol). Patients unable to perform the test were excluded (any rheumatologic conditions, previously known abnormal limitations of strength, amputations, muscular disease, cachexia state). Neuropsychiatric symptoms, such as confusion and delirium, as assessed with the Confusion Assessment Method for the Intensive Care Unit 9 at the time of enrollment were also a reason for exclusion.
Handgrip-Strength Evaluation
Trained physiotherapists assessed handgrip strength. Subjects were positioned as close to upright as possible, with the shoulders in neutral rotation at the subject's side and elbow flexion of 90°. An adjustable handheld dynamometer (Jamar hydraulic hand dynamometer, Fred Sammons, Bolingbrook, Illinois) was used to obtain handgripstrength measurements. The dominant hand of each subject was tested. As recommended by the manufacturer, subjects were asked to hold the dynamometer at their maximum strength for 2-3 s. Examiners also demonstrated the test and encouraged subjects. The highest handgrip strength after 3 consecutive attempts, separated by brief pauses (ϳ30 s), was monitored.
Muscle weakness was diagnosed on the basis of the previously published handgrip strength-derived definition of ICU-acquired weakness (Ͻ 11 kg for men and Ͻ 7 kg for women). 7 Because only a normalized comparison can confirm whether there are differences in handgrip strength, the handgrip value is expressed as an absolute value in kilograms and as a relative value as a percentage, calculated according to Bohannon et al, 10 with the values of healthy subjects taking into account sex and age. We also normalized the value of handgrip strength according to body height because of the known impact of this anthropometric characteristic on handgrip strength. 11
Study Protocol
In both investigating centers, weaning was conducted according to international guidelines (see the supplemen- 
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Current knowledge
Patients in the ICU frequently develop muscle weakness involving limbs and respiratory muscles as a result of prolonged immobility. This muscle weakness may be involved in delayed weaning and/or extubation failure, owing to respiratory muscle dysfunction and/or inadequate cough.
What this paper contributes to our knowledge
Muscle weakness, assessed by handgrip strength, is associated with difficult or prolonged mechanical ventilation weaning and ICU stay, but not with extubation outcome.
tary materials at http://www.rcjournal.com). 12 Once daily, eligibility for ventilator weaning was evaluated according to international guidelines (Fig. 1) . Handgrip strength of the dominant hand was evaluated by the attending physiotherapist just before each spontaneous breathing trial (SBT). The attending physician was unaware of the result of the test. In the case of SBT failure, reasons for failure were explored, and another SBT was performed as soon as possible. In the case of SBT success, the attending physician, made the decision to extubate, relying only on the SBT and clinical patterns according to international guidelines. In case of re-intubation, another handgrip-strength evaluation was performed following the weaning trial. Daily physiotherapy management, feeding, and sedation policies are described in the supplementary materials.
Data
Demographic data (sex, age, dominant hand, body mass index, comorbidities) were recorded at admission. We also registered the reason for mechanical ventilation, Simplified Acute Physiology Score II (SAPS II) at admission, duration of mechanical ventilation until each SBT, handgrip strength, intravenous sedative drug administration, caloric intake, use of neuromuscular blocking agents and steroids and their cumulative doses, and time from first SBT to extubation. The reasons for extubation failure were explored according to the recommended diagnosis framework. 10 
Statistical Analysis
On the basis of published data in the field, we expected simple weaning to occur in 50 -60% of subjects without muscle weakness 13 and difficult or prolonged weaning in 60% of subjects with muscle weakness. 14 Therefore, we estimated that 86 examined subjects would provide 80% power to detect this difference with a 2-sided a level of .05.
StatView 5.0 (SAS Institute, Cary, North Carolina) was used to perform statistical analysis. Data are expressed as median (interquartile range). Continuous variables were compared using the Mann-Whitney U test or the KruskalWallis test when comparing at least 3 groups. Categorical variables were compared using the chi-square test or the Fisher exact test as appropriate. To identify factors associated with difficult weaning, we selected variables by univariate analysis (P Ͻ .1) and entered them in a stepwise logistic regression analysis. P Յ .05 was considered statistically significant. The receiver operating characteristic curve, featuring 1Ϫspecificity on the X axis and sensitivity on the Y axis for the different values, was calculated. The area under the receiver operating characteristic curve and best absolute handgrip-strength threshold were determined.
Results
Population
During the study period, 722 subjects were admitted. Among them, 257 underwent mechanical ventilation, and 84 were included in the study. The reasons for exclusion are shown in Figure 2 . The median age was 66 (53-79) y, and the median SAPS II score was 49 (37-63). The reasons for admission and baseline data are reported in Table  1 . The median duration of mechanical ventilation before the first SBT was 6 (3-14) d. All but 13 subjects received continuous intravenous sedation. Six subjects died during the study period.
Subject Characteristics According to SBT
Simple, difficult, and prolonged weaning occurred in 41 (49%), 33 (39%), and 10 (12%) subjects, respectively. The subjects in these subgroups differed according to age, underlying COPD, mechanical ventilation duration, ICU stay, and handgrip strength at the first SBT (Table 2 and Fig.  3A) . We tested the difference in absolute values of handgrip strength normalized according to an age-matched and sex-matched population and found no significant difference between subgroups (Table 2 and Fig. 3B ). The percentage of subjects receiving steroids, neuromuscular blocking agents, and vasopressors was not different between these subgroups (see the supplementary materials at http://www.rcjournal.com).
Handgrip-Strength Evaluation
The first median handgrip strength was 15 (7-23) kg, which represents 29% (25-41%) of the theoretical strength of a sex-matched and age-matched healthy population. 10 Muscle weakness was diagnosed in 31% of our cohort.
Risks Factors of Difficult or Prolonged Weaning and ICU Stay
Time to liberation from mechanical ventilation was significantly longer for subjects with muscle weakness as defined by the handgrip strength-derived definition (P ϭ .02) (Fig. 4A) . In univariate analysis, age, sex, known history of COPD, handgrip strength at the first SBT, and use of continuous intravenous sedation were significantly associated with difficult or prolonged weaning. In multivariate analysis, known history of COPD (odds ratio [OR] 5.48, 95% CI 1.44 -20.86, P ϭ .01), sex (OR 6.16, 95% CI 1.64 -23.16, P ϭ .007), and handgrip strength at the first SBT (OR 0.89, 95% CI 0.85-0.97, P ϭ .004) were significantly associated with difficult or prolonged weaning (Table 3) . A receiver operating characteristic analysis was performed to test the acuity of handgrip strength in predicting weaning outcome. The area under the curve was 0.66. Handgrip strength had 0.76 sensitivity and 0.69 specificity for identifying difficult or prolonged weaning at a cutoff of 11 kg (see the supplementary materials at http:// www.rcjournal.com). Subjects with muscle weakness according to the handgrip strength-derived definition were more likely to have a longer ICU stay (P ϭ .03) (Fig. 4B) .
Re-intubation or unscheduled noninvasive ventilation within 48 h after extubation occurred 14 times after 92 attempts, leading to an extubation failure rate of 15%. The median handgrip strength at the first extubation attempt for each subject was not different according to extubation outcome (16 [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] kg for extubation success vs 10 [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] kg for extubation failure, P ϭ .14). Prophylactic noninvasive ventilation was used in 9 subjects. Tracheotomy was performed in 2 subjects. The reasons for extubation failure were laryngeal edema (n ϭ 4), aspirations (n ϭ 3), cardiogenic pulmonary edema (n ϭ 1), atelectasis (n ϭ 1), and other causes of acute respiratory failure (n ϭ 5).
Discussion
Our findings can be summarized as follows. (1) Muscle weakness as defined by low handgrip strength was associated with difficult or prolonged weaning. (2) No association between handgrip strength and extubation outcome Our results show that low handgrip strength evaluated before initiating the weaning process was weakly but independently associated with difficult or prolonged weaning. Our results were confirmed by normalization of absolute values of handgrip strength to body height. This finding supports the relevance of this reliable and simple tool in the prediction of prolonged or difficult weaning, although it must be noted that the area under the curve of 0.66 points indicated a moderate discriminatory value. Because it has been stated that weaning failure occurs be- cause of imbalance between respiratory muscle capacity and respiratory load, 15 several explanations for this relationship can be proposed. Evaluation of the peripheral group of muscles (ie, dominant hand) could reflect evaluation of the whole muscle activity. 7 Moreover, handgrip strength correlates with strength of other muscle groups, 16 although limits have been suggested in precisely characterizing overall strength with this tool. 17 This is explained by the influence of multiple muscular and non-muscular factors on the handgrip test, such as anthropometric characteristics, psychological status, disease severity, inflammation, oxidative stress, physical activity, comorbidities, medications, and environmental factors. 18 In this regard, it has been suggested that handgrip strength be considered as a global functional physical test rather than a simple muscle test. This might explain the relationship between this test and weaning outcome in our study. Indeed, although muscle strength has been associated with diaphragmatic strength in mechanically ventilated patients, 19 handgrip strength might indicate a more global performance status, thus representing a determinant point in the setting of mechanical ventilation weaning. In addition, it has been shown that patients with chronic respiratory and/or cardiac diseases have lower exercise capacity and lower handgrip strength compared with a matched population without these disabilities. 20 Anticipating the consequences of muscle weakness in extubation outcome remains a daily challenge in the ICU. Sometimes, muscle weakness, as clinically estimated, appears to be the ultimate obstacle for patients who succeed in a weaning trial. Among these patients, it is very difficult to predict who will exhibit post-extubation respiratory failure and require re-intubation, which carry a pejorative prognosis. 21 Our results do not suggest that performing handgrip-strength evaluation could help to predict the failure of extubation and of weaning from mechanical ventilation. Several reasons could explain this. First, because several mechanisms are involved in extubation failure, 12 the evaluation of one factor among many is not sufficient to predict the outcome after extubation. Second, our sam- 22 Furthermore, in our study, laryngeal edema, which is not related to muscle status, explained Ͼ 28% of the extubation failures (n ϭ 4). Aspiration was the cause of extubation failure in 21% of cases. Although an association between handgrip strength and tongue strength has been evidenced in a cohort of geriatric patients outside the ICU, 23 the occurrence of laryngeal injury and subsequent swallowing disorders among recently extubated patients has not been directly associated so far with muscle weakness in the general ICU population. 24 Therefore, according to the aforementioned limitations of extubation outcome analysis, we think that this point deserves to be further investigated in a larger population. Our study has some limitations. First, we did not measure the MRC scale score and could not correlate it with handgrip-strength evaluation. Nevertheless, because in our units, physiotherapists currently perform both MRC scale score and handgrip-strength evaluations, we wanted to avoid any potential bias. Second, we studied the strength of only one muscle group (ie, the dominant hand). It would be interesting to correlate our findings with evaluation of diaphragmatic function because we might have included subjects with predominant ventilation-induced diaphragmatic dysfunction, which could have blurred the link between handgrip strength and weaning failure. Nevertheless, more invasive investigations would have been required, which we could not perform in the setting of this study. Third, both proximal and distal muscles are usually affected in acquired weakness, and although a significant correlation between MRC scale score and handgrip strength has been reported previously, 7 it is possible that handgripstrength evaluation does not appropriately explore musclestrength decrease in a subset of patients with predominant proximal disease. Fourth, 9 subjects in our study underwent prophylactic noninvasive ventilation because of an estimated high risk of weaning failure. Due to the potentially important benefit of this management strategy, we determined that it was appropriate and ethical to provide this support to subjects with risk of extubation failure. Whether this influenced the results of our study is unknown, but because our aim was to test handgrip strength in the daily practice of mechanical ventilation weaning, we decided not to exclude these subjects from the statistical analysis. Fifth, the percentage of the theoretical handgrip strength of a sex-matched and age-matched healthy population was not different among the 3 weaning outcome subgroups. This would have been the best way of normalizing absolute handgrip values. We think that this might be related to the low number of subjects, the mathematical transformation of absolute values of handgrip strength, and the influence of other factors influencing both muscle strength and weaning outcome, Last, our handgrip-based definition of muscle weakness was based on the study by Ali et al, 7 in which subjects were studied from day 5 onward, whereas we studied subjects from day 2 onward. It should also be noted that this study demonstrated a moderate overall sensitivity and specificity (80.6% and 83.2%, respectively) compared with the MRC measurement method. This could have biased the muscle status classification of our subjects.
Conclusions
Handgrip strength, when obtained before the first SBT, is an independent prognostic factor of mechanical ventilation weaning outcome and ICU stay. Our results do not suggest an association between handgrip strength and extubation outcome. Nevertheless, further data are needed to confirm this issue.
